Abstract
Pre-history
In 1833, Payne and Persoz found that an alcohol precipitate of a malt extract contained a substance that converted starch into sugar. This was the first recognition of an enzyme and they named it diastase, a term that came to be used for enzymes in general. Payne and Persoz (1833) subsequently proposed that the names of enzymes take the last three letters of diastase, and that the suffix 'ase' should be appended to a root that indicated which substance was being acted upon by the enzyme. This method of naming enzymes has continued to the present day, except for proteolytic enzymes, which often end with 'in'. The term 'enzyme' is itself derived from the Greek for 'in yeast' and was coined in 1876 by W. F. Kühne. At that time, there were two schools of thought regarding enzymes. Liebig thought that fermentation enzymes were chemical substances found in yeast (unorganized ferments), whereas Pasteur believed that the process of fermentation could not be separated from the living cell (organized ferment). Kühne did not favour either hypothesis but was making the point that there was something in yeast that could exert an activity. The controversy continued until the fermentation system was isolated in a cell-free extract. The credit for this discovery has been the subject of one of those unseemly squabbles in which the ego is felt to be more important than the advance. von Manassein would appear to have priority as she had demonstrated this phenomenon and given an oral presentation on it in 1871. However, over a decade later, in 1897, Buchner claimed priority and dismissed von Manassein's claims, on the grounds that her sterile sugar solutions were undoubtedly contaminated with micrococci and, thus, did not constitute a cell-free system. At this stage of development, such an unedifying squabble may be of interest only to historians of science, but further details can be found in Cornish-Bowden (1997) .
Early-days
The naming of enzymes was not systematic in its early days. Enzymes were given trivial names that often meant little or were ambiguous. Many different enzymes were given the same name and, conversely, several names were given to the same enzyme, leading to much confusion. In general, the suffix 'ase' was added to the name of the substrate, as in the case of urease (the first enzyme to be crystallized) or else the name gave some indication of the reaction catalysed, e.g. glucose oxidase. However, several other enzymes were given names that were decidedly unhelpful, for example, rhodanese (now called thiosulfate sulfurtransferase). Such names gave no indication of either the substrate involved or of the reaction taking place and the tendency to coin apparently meaningless names still persists, for example, barnase does not hydrolyse outhouses but is the extracellular ribonuclease secreted by a strain of Bacillus amyloliquefaciens.
Although such arcane names may help to keep the subject area esoteric, the rapid increase in the number of enzymes being discovered necessitated the development of some method for naming them systematically. In the 1950s, two groups of enzymologists set about addressing this problem. The first, instigated by Otto HofmannOstenhof (1953) , classified enzymes using a system based on the number of molecules involved in the reaction. He proposed the following three general classes:
1. Hydrolases, transferases and oxidoreductases (of the general reaction type A + B = C + D)
Lyases and synthases
Malcolm Dixon and Edwin Webb, who were compiling a list of all known enzymes for their influential book Enzymes, noted that, despite the relatively large number of enzymes, the number of types of reaction involved was quite small. They also classified enzymes into three broad groups depending on the type of reaction catalysed: the hydrolysing, transferring and other enzymes. The latter group included the synthetases (enzymes catalysing synthetic reactions linked with the breakdown of ATP or GTP), stereoisomerases and enzymes that added groups to double bonds. The oxidizing enzymes were thought of as transferring hydrogen and were therefore categorized with the other transferring enzymes (Dixon and Webb, 1958) . At the time of going to press, they had categorized 659 enzymes and, besides placing them in the above classes, they numbered them serially from 1 to 659. The list also provided information about the cofactors and prosthetic groups required by each enzyme, whether or not it had been crystallized, the organism or tissue-type where it had been found and some information about the substrate or reaction catalysed.
This was the beginning of the current enzyme classification and nomenclature system, with enzymes divided into groups and subgroups according to the nature of the reaction catalysed. However, the combination of such a division with a consecutive numbering system would not allow for any enzymes subsequently identified to be assigned a meaningful number in its class unless all those in subsequent classes were renumbered. For example, the next available number for a newly discovered peptidase might be 660 and so that class would then include Numbers 1-69 and 660.
Dixon and Webb recognized the artificiality of this division into categories, and pointed out that hydrolases could also be regarded as transferases, since they catalyse the transfer of one part of a molecule to water and, similarly, many of the reactions catalysed by the enzymes in their group (C) also involve transfer reactions. If one wanted to be pedantic, one could say that over 90% of the enzymes in that list could be regarded as being transferases. However, such a classification would not have been very useful and is not consistent with the way in which biochemists usually think about reactions.
The present format
In 1956, after being approached by Dixon and HoffmannOstenhof, the President of the International Union of Biochemistry, Marcel Florkin, established an International Commission on Enzymes to tackle the problems of classification and nomenclature. The Commission's initial terms of reference were: 'To consider the classification and nomenclature of enzymes and coenzymes, their units of activity and standard methods of assay, together with the symbols used in the description of enzyme kinetics. ' It was an ambitious remit and not all these aspects have been brought to a satisfactory, or generally accepted, completion. A major role for this Commission was to devise a series of rules/recommendations that could be implemented for the systematic naming of old enzymes and according to which new enzymes could be classified. They considered several possible ways of categorizing enzymes, such as systems based on what was then known about the chemical nature of the enzyme (flavoprotein, haem protein, copper protein, etc.) or the chemical nature of the substrate (nucleotide, carbohydrate, protein, etc.) before opting for a system that was based on the overall reaction catalysed, which meant that intermediates formed during the reaction were not taken into consideration.
In 1958, they produced an interim report, which was approved and finalized in 1961 and published in the second edition of Enzymes (Dixon and Webb, 1964) as well as in a separate book covering enzyme nomenclature and the units and the symbols used in enzyme kinetics (Enzyme Nomenclature, 1965) . In this, they extended the earlier system of Dixon and Webb (1958) by classifying enzymes into the following six categories:
Class Name Reaction catalysed
Lyases were defined as enzymes catalysing the removal of groups from their substrates, other than by hydrolysis, leaving double bonds. Ligases were defined as enzymes which that catalyse the joining together of two molecules coupled to the breakdown of a diphosphate bond in a nucleoside triphosphate (NTP) such as ATP, these enzymes are also known as synthetases. The names of the other classes are self-evident.
Each of these classes was further subdivided, with each enzyme being given a unique four-digit code, the Enzyme Commission, or EC, number. The second digit refers to the subclass, which generally contains information about the type of compound or group involved. For the oxidoreductases, the subclass indicates the type of group in the donor that undergoes oxidation (e.g. 1.1. acts on the CH-OH group of donors whereas 1.3. acts on the CH-CH group of donors). For the transferases, the second digit indicates the type of transfer that takes place, with 2.1 indicating the transfer of one-carbon groups and 2.3 indicating the transfer of acyl groups, etc. The third digit, the sub-subclass, further specifies the type of reaction involved. For the oxidoreductases, 1.-.1. indicates that NAD or NADP is the acceptor and 1.-.2. has cytochrome as the acceptor, etc. For the transferases, the sub-subclass gives more information about the group being transferred, with 2.1.1 comprising the methyltransferases and 2.1.2 being the hydroxymethyl-, formyl-and related transferases. The fourth digit is a serial number that is used to identify the individual enzyme within a sub-subclass. This categorization still persists and the method of numbering, in addition to containing information about the nature of the reaction catalysed, makes it easy to accommodate a newly discovered enzyme by simply allotting the next available number at the end of its sub-subclass. Another, principal that was adopted was that any given EC number could not be re-used. Thus, if an enzyme were found to have been incorrectly classified, or not to exist, the EC number would be left unoccupied as a 'deleted or transferred entry'. One example of this concerns pancreatic ribonuclease. In some earlier editions of the Enzyme List this was listed as a transferase (EC 2.7.7.16), since it 'transfers the 3 -phosphate of a pyrimidine nucleotide residue of a polynucleotide from the 5 -position of the adjoining nucleotide to the 2 -position of the pyrimidine nucleotide itself, forming a cyclic nucleotide'. It spent some time as a phosphoric diester hydrolase (EC 3.1.4.22), before reaching its current resting place amongst the hydrolases (EC 3.1.27.5) as one of the 'endoribonucleases producing other than 5 -phosphomonoesters (EC 3.1.27.5), since it catalyses 'endonucleolytic cleavage to 3 -phosphomononucleotides and 3 -phosphooligononucleotides, ending in Cp or Up with 2 ,3 -cyclic phosphate intermediates'. The EC numbers 2.7.7.16 and 3.1.4.22 now merely contain a note that the entry for pancreatic ribonuclease has been transferred to EC 3.1.27.5. While this current classification is consistent with the system being based on overall reaction catalysed, and perhaps with the way that most biochemists think about the enzyme, it upsets several of those working on ribonucleases who believe that, by right, it should be classified as a transferase. It should be noted that the direction in which the reaction occurs is not specified (i.e. an equals sign is used rather than an arrow) so, even if a reaction has only been observed in the reverse direction, it is usually written in the direction that is common to the subclass to which it belongs.
A consequence of using the reaction catalysed as the basis for naming enzymes is that all enzymes carrying out the same reaction are grouped together, even if they operate by different chemical mechanisms, or occur as very different proteins in different species or celltypes. Fructose-bisphosphate aldolase (EC 4.1.2.13), for example, includes enzymes working through different mechanisms. In the most recent update of the enzyme list, this is dealt with by an explanatory comment, which reads: 'The yeast and bacterial enzymes are zinc proteins. The enzymes increase electron-attraction by the carbonyl group, some (Class I) forming a protonated imine with it, others (Class II), mainly of microbial origin, polarizing it with a metal ion, e.g. zinc'. In the case of the alcohol dehydrogenases (EC 1.1.1.1), there are many isoenzymes in the human alone (see http://www.gene. ucl.ac.uk/nomenclature/ADH.shtml) and, for example, the enzyme from yeast is a very different protein. A similar situation applies to many other enzymes, such as the aldehyde dehydeogenases (see http://www.uchsc.edu/sp/ sp/alcdbase/aldhcov.html). However, they are all lumped together under one name and EC number.
What's in a name?
Another issue that had to be addressed was the name by which an enzyme should be known. The name in most common usage was designated as the 'trivial name', provided that it was unambiguous, and was given priority by the Commission. In some cases, names that did not describe the function were retained, where they were in general use and were 'sufficiently unobjectionable', such as in the cases of the catalase, the peptidases and NADPH 2 diaphorase. Not all meaningless names were cast into oblivion, for example, the trivial name for the latter enzyme was followed by the note '(The yeast enzyme was originally known as the 'old yellow enzyme')'. In later developments of the system, the preferred trivial name became known as the recommended name.
Each enzyme was also given a systematic name, which had sufficient chemical information for the structure of the substrate as well as the nature of the reaction to be deduced. Such systematic names can be long and complicated. An example is the systematic name for the enzyme riboflavin synthase (EC 2.5.1.9), 6,7-dimethyl-8-(1-Dribityl)lumazine:6,7-dimethyl-8-(1-D-ribityl)lumazine 2,3-butanediyltransferase, which is not the easiest name to remember! The Nomenclature Committee of the International Committee of Biochemistry and Molecular Biology (NC-IUBMB) now works closely with the International Union of Pure and Applied Chemistry (IUPAC) as a joint committee on biochemical nomenclature (JCBN) in ensuring that the systematic names accord with the IUPAC system (see Panico et al., 1994) . This plethora of initials accommodates two rather different approaches, which do not always sit easily together. The IUPAC name must be entirely unambiguous, since it should be possible to convert the name directly into the chemical structure. Biochemists, on the other hand, often believe that their non-systematic names are sufficiently well known by other biochemists not to require definition.
There are, however, other groups who have been attempting to impose some sort of order on what they perceive to be an untidy situation. The different national preferences between adrenaline and epinephrine, is for example, well known. Apparently the resolution of this suggested by another committee (of which we were fortunately not members) was to work through each such discrepancy in turn and let different national groups alternate in choosing the names to be adopted. If this is in fact true it makes the reflective, but somewhat ponderous, operation of the JCBN seem rather attractive. In the case of the adrenaline-epinephrine argument, it appears that it was the Americans' turn to use their term. It will be interesting to see if all pharmacologists will be persuaded to come to terms with the fact that epinephrine binds to adrenoceptors (or perhaps they will have to go to speech therapists to learn how to pronounce 'epinephroceptors').
Such arbitrary prescriptiveness brings attempts to have useful and unambiguous nomenclature systems into disrepute, and, not surprisingly, upsets a number of scientists. Some current arguments concern whether thiamin or thiamine is the correct usage and whether or not NAD should be used instead of NAD + . Although, it could be argued that there might be more useful activities for nomenclature and classification committees, there are a surprising number of active scientists who care deeply about such issues. In practice, the community is the ultimate arbiter, NAD (nicotinamideadenine dinucleotide) displaced DPN (diphosphopyridine nucleotide), after a period of vituperative criticism from some people, because it was generally found to be superior. In contrast, the term heme-thiolate does not appear to have gained widespread popularity as an alternative to cytochrome P-450 and attempts to define enzyme activity in terms of the katal (mol product formed/s) rather than the unit (µmol product formed/min) have been largely unheeded. A lesson for nomenclature committees of all types must be that unless they perform functions that are generally perceived as being useful, they will be ignored. Nomenclature must be a service to the community not an end in itself.
A way of addressing differences between the nomenclature systems used by different groups, such as chemists, pharmacologists and biochemists, is the provision of a detailed glossary of alternative names of compounds and enzymes. In theory this should mean that, regardless of the name that you know a compound by, you should be able to find what you are looking for in the enzyme list. In practice, this has not been the case, due to space limitations associated with the printed version of the enzyme list. Because of the desire to keep the book form of the enzyme list to a manageable size, many of the alternative names for enzymes were removed from the list prior to publication of the 1992 edition. Many names that were ambiguous or misleading were also expunged. Although this was done with the best of intentions, it does not help people seeking information about an enzyme that they know by some name other than one of the approved names. Space limitations are not such a problem using the World Wide Web and the glossary is now being expanded as a look-up table to make finding information that much easier.
Rules and regulations
A detailed account of the rules for classification and nomenclature, the latest version of which was published in see Enzyme Nomenclature (1992, see http://www.chem.qmw.ac.uk/iubmb/ for more recent modifications and recommendations). These should make it a relatively simple matter to classify an enzyme correctly. However, there are some enzymes that do not fit into the general scheme. One such group is the peptidases (EC 3.4.-.-) , since all of these can be regarded as catalysing the same reaction, hydrolytic cleavage of a peptide bond. Furthermore, it is often difficult to define their specificity as it depends on the nature of several amino acids around the peptide bond to be hydrolysed and the conformation of the substrate polypeptide chain. Therefore, their catalytic mechanism is also taken into account when classifying them. The peptidases are divided into two main sub-subclasses, the exopeptidases (3.4.11-3.4.19) and endopeptidases (3.4.21-3.4.24 and 3.4.99). The exopeptidases only act near the ends of polypeptide chains: if they act at the N-terminus to liberate a single amino acid, they are termed aminopeptidases (those that liberate two and three amino acids are called dipeptidyl-peptidases and tripeptidyl-peptidases, respectively). Those acting on peptide bonds that are one and two amino acids away from the C-terminus are carboxypeptidases and peptidyl-dipeptidases, respectively. The carboxypeptidases are further subdivided based on catalytic mechanism (serine-type carboxypeptidases, metallocarboxypeptidases and cysteine-type carboxypeptidases). Classification of the endopeptidases is based on the catalytic mechanism. Examples of the sub-subclasses are the serine endopeptidases, aspartic endopeptidases and metalloendopeptidases. Specificity, and source, are only used for naming the individual endopeptidases.
Having broken the rules once, it is of course easier to do so again, and there are several other cases where simple rules of nomenclature are inappropriate. The plethora of the restriction endonucleases occupies only three different spaces in the classification scheme:
EC 3. This is clearly not a great deal of help to those wishing to locate a specific restriction enzyme. However, the 'Comments' under each entry indicates that they comprise large groups of enzymes and, as well as providing limited further information on them refers to the REBASE (http: //www.neb.com/rebase) restriction enzyme database that contains a complete, and regularly updated, list of these enzymes.
Unfinished business and work in progress
Several groups of enzymes need expansion, and advice from experts in these areas is needed. Such problems occur, for example, with the hydroxylases involving cytochrome P-450, which are classified as monooxygenases (EC 1.14.-.-), but where the nature of the 'physiological' substrate is often unknown, as well as with the DNA repair enzymes, and the protein kinases and phosphatases where the explosion of enzymes has made it difficult to keep abreast.
The treatment of multienzyme complexes and single polypeptides with several different activities merits further consideration. At present, these are listed under their separate activities, with comments that they exist as multienzyme complexes or multifunctional proteins. Thus, the multifunctional protein catalysing the synthesis of tryptophan is listed as its component activities (EC 2.4.2.18, 4.1.1.48, 4.2.1.20, 4.1.3.27 and 5.3.1.24) , with the notes indicating that, in some organisms, the enzyme is part of a multifunctional protein, together with one or more of the other enzymes. This treatment has the advantages that it avoids uncertainties of where it should be classified and the fact that what is a multifunctional protein in some species may exist as separate components in another. Furthermore, it avoids the necessity for complex systematic names. For example, fatty-acid synthase (EC 2.3.1.85), which is an exception to this general rule, has the systematic name acyl-CoA:malonylCoA O-acyltransferase (decarboxylating, oxoacyl-and enoyl-reducing and thioester hydrolysing). An additional advantage of listing the components separately is that not all multifunctional proteins catalyse reactions that can be regarded as comprising a simple anabolic or catabolic reaction. Thus the combined reaction of the multifunctional 6-phosphofructo-2-kinase (EC 2.7.1.105) and fructose-2,6-bisphosphate 2-phosphatase (EC 3.1.3.46) would be simply that of an ATPase.
There are also decisions to be made as to how to include the ribozymes (small pieces of RNA with catalytic activity), catalytic antibodies (abzymes), novel activities arising from site-directed mutagenesis and the construction of chimeric proteins within the system, and whether or not it is appropriate to do so.
The way forward
In the 1958 edition of their book, Dixon and Webb stated that 'The number of enzymes is large-over 650-but not as large as perhaps might be expected in view of the complexity of the reactions occurring in living matter'. The number of enzymes classified by the Enzyme Commission has indeed risen steadily over the years, from 712 in 1964 to 3196 in 1992 (see Enzyme Nomenclature, 1965 Nomenclature, , 1973 Nomenclature, , 1979 Nomenclature, , 1992 for the steady development of the list of classified enzymes) and are is now approaching 3500 (see http://www.chem.qmw.ac.uk/iubmb/ for the most recent additions). More recent developments have involved changes in the information supplied as well as, of course, a steady expansion of the number of enzymes classified.
There are constraints on the NC-IUMB system; the nomenclature must accord with IUPAC rules and the information contained must be, as far as possible, correct and unambiguous. Furthermore, it comprises data that is based on function (reaction catalysed) and not structure. Thus, details of the kinetic behaviour of individual enzymes are not included and even information on cofactor requirements is often given in somewhat legalistic form. For example, a phrase like 'the enzyme from E.coli requires Mg 2+ ' leaves open the possibility that an enzyme catalysing the same reaction from another source may not require that metal ion.
Such considerations and the involvement of two committees, plus a number of advisory panels making recommendations to them on specific areas of nomenclature, means that the process of classifying and naming each new enzyme can be frustratingly slow. In the past, compilations of new enzymes were considered by the JCBN at an annual meeting, modified where appropriate and bought back to the next meeting for ratification before preparation as a supplement in the European Journal of Biochemistry. However, it has now proved possible to speed-up this process by the use of the internet for JCBN review and to pre-circulate material through the IUBMB home page (see http://www.chem.qmw.ac.uk/iubmb/) for comments from the community at large, before final ratification. It also means that the list contains a restricted amount of information. It is also possible to submit material proposing additional enzymes for inclusion or modifications for existing entries through that site or through the SWISS-PROT ENZYME site (see below).
However, the development of enzyme-related databases on the Web has transformed the situation and the Enzyme List forms the basis of several sites containing information on protein, gene or substrate structures, catalytic behaviour, metabolism, etc. The List can also be linked to sites providing more general information, databases containing such as thermodynamic databasesinformation, enzymes of relevance to clinical biochemists, more detailed references, etc. Two major enzyme databases that use information from the Enzyme List are SWISS-PROT ENZYME (http://www.expasy.ch/enzyme/) and the Kyoto University Ligand Chemical Database (http://www.genome.ad.jp/). Both of these also have useful links to other information of interest, such as metabolic pathway maps and BRENDA (an enzyme database that provides experimental data on each enzyme, as well as data that have been sanctioned by the Nomenclature Committee), as well as to the metabolite structural database KLOTHO (http://www.ibc.wustl.edu/klotho) and the Minnesota Biocatalysis/Biodegradation database (http://www.labmed.umn.edu/umbbd).
Perhaps if one were starting the enzyme classification system now, it might be considered worthwhile to adopt a system in which individual enzymes were assigned numbers that had no significance other than as a unique identifier for database manipulative purposes. The use of the information-rich EC number as a simple identifier makes some manipulative tasks somewhat more complicated. However, it is a fitting tribute to the insights and perseverance of Malcolm Dixon and Edwin Webb that the system that they devised and developed still stands us in such good stead over 40 years later.
